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SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING THE 
SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a semiconductor device 
having an active layer of a semiconductor thin film formed on a 
substrate having an insulating surface , and particularly to a 
thin film transistor in which an active layer is made of a 
crystalline silicon film. 

2. Description of the Related Art 

In recent years, attention has been paid to a technique 
in which a thin film transistor (TFT) is constituted by using a 
semiconductor thin film (thickness of about hundreds to 
thousands A) formed on a substrate having an insulating surface. 
The thin film transistor is widely applied to an electronic 
device such as an IC or an electro-optical device, and 
especially, its development as a switching element for an image 
display device has been hurried. 

For example, in a liquid crystal display device, 
attempts have been made to apply TFTs to any electric circuit 
such as a pixel matrix circuit for respectively controlling 
pixel regions arranged in a matrix form, a drive circuit for 
controlling the pixel matrix circuit, and a logic circuit 
(processor circuit, memory circuit, etc.) for processing data 
signals from the outside. 

In the present circumstances, although a TFT using an 
amorphous silicon film as an active layer is put into practical 
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use, an electric circuit required to have further high speed 
operational performance, such as a drive circuit and a logic 
circuit, 'demands a TFT using a crystalline silicon film 
(polysilicon film) . 

As a method of forming a crystalline silicon film on a 
substrate, techniques disclosed in Japanese Patent Unexamined 
Publication No. Hei 6-232059 and No. Hei . 6-244103 by the 
present applicant are well known. The techniques disclosed in 
these -publications enable the formation of a crystalline silicon 
film having excellent crystallinity by using a metal element 
(especially nickel) for promoting crystallization of silicon and 
by a heat treatment at 500 to 600 °C for about four hours. 

Japanese Patent Unexamined Publication No. Hei. 7-321339 
discloses a technique for carrying out crystal growth 
substantially parallel to a substrate by utilizing the above 
techniques. The present inventors refer to the formed 
crystallized region as especially a side growth region (or 
lateral growth region) . 

However, even if a drive circuit is constituted by using 
such a TFT, the drive circuit is still far from the state of 
completely satisfying the required performance. In the present 
circumstances, especially it is impossible to constitute a high 
speed logic circuit requiring electric characteristics of 
extremely high performance to realize both high speed operation 
and high withstand voltage characteristics at the same time, by 
a conventional TFT. 

As described above, in order to attain the higher 
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performance of an electro-optical device and the like, it is 
necessary to realize a TFT having performance comparable with a 
MOSFET fo fined by using a single crystal silicon wafer. 

SUMMARY OF THE INVENTION 
An object of the present invention is therefore to 
provide a thin film semiconductor device having extremely high 
performance as a breakthrough for realizing higher performance 
of an electro-optical device, and a method of manufacturing the 
same . - 

It is conceivable, as a reason why a high performance 
TFT as mentioned above has not been able to be obtained by a 
conventional method, that carriers (electrons or holes) are 
captured by crystal grain boundaries so that improvement of an 
field effect mobility as one of parameters showing TFT 
characteristics has been prevented. 

For example, there are many unpaired bonds (dangling 
bonds) of silicon atoms and defect (capture) levels in the 
crystal grain boundaries. Accordingly, since carries moving in 
the inside of each crystal are easily trapped by the dangling 
bonds, defect levels or the like when they come close to or come 
into contact with the crystal grain boundaries, it is 
conceivable that the crystal grain boundaries have functioned as 
"malignant crystal grain boundaries" to block the movement of 
the carries . 

In order to realize a semiconductor device of the 
present invention, it is indispensable to provide a technique to 
change the structure of such "malignant crystal grain 
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boundaries" into "benign crystal grain boundaries" for carriers. 
That is, it is important to form crystal grain boundaries which 
have a low "probability of capturing carriers, that is, a low 
possibility of blocking the movement of carries. 

Therefore, according to the present invention disclosed 
in the present specification, a method of manufacturing a 
semiconductor device including an active layer of a 
semiconductor thin film, comprises the steps of forming an 
amorphous silicon film on a substrate having an insulating 
surface, forming a mask insulating film selectively on the 
amorphous silicon film, making the amorphous silicon film 
selectively hold a metal element for promoting crystallization, 
transforming at least a part of the amorphous silicon film into 
a crystalline silicon film by a first heat treatment, removing 
the mask insulating film, forming an active layer made of only 
the crystalline silicon film by patterning, forming a gate 
insulating film on the active layer, carrying out a second heat 
treatment in an atmosphere containing a halogen element so that 
the metal element in the active layer is removed through 
gettering and a thermal oxidation film is formed in an interface 
between the active layer and the gate insulating film, and 
carrying out a third heat treatment in a nitrogen atmosphere to 
improve film qualities of the gate insulating film including the 
thermal oxidation film and the state of the interface, wherein 
the active layer is a crystalline structure body in which 
crystal grain boundaries are aligned substantially in one 
direction and which is constituted by an aggregation of a 
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plurality of needle-shaped or column-shaped crystals 
substantially parallel with the substrate. 

I~E a crystalline silicon film is formed in accordance 
with the above manufacturing method, a thin film having an 
appearance as shown in Fig. 9 is obtained. Fig. 9 is an enlarged 
micrograph of the thin film in the case where the present 
invention was practiced by using the technique disclosed in 
Japanese Patent Unexamined Publication No. Hei . 7-321339 as 
means- for crystallizing an amorphous silicon film, and shows a 
lateral growth region 901 having a length of several tens to a 
hundred and several tens (im. 

The lateral growth region 901 has a feature that since 
the needle-shaped or column-shaped crystals grow almost 
vertically to a region (designated by 902) in which a metal 
element for promoting the crystallization has been added, and 
substantially parallel with each other, the directions of 
crystals are aligned. A portion designated by 903 is a 
macroscopic crystal grain boundary (differentiated from crystal 
grain boundaries between needle-shaped crystal and column-shaped 
crystals) formed by collision between needle-shaped crystal and 
column- shaped crystals extending from the opposing added regions 
902 . 

Fig. 10 is a TEM photograph in which a minute region of 
the inside of a crystalline grain is further enlarged with 
paying attention to the inside of the lateral growth region 
shown in Fig . 9 . 

That is, although the crystalline silicon film of the 
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present invention seems to be macroscopical ly composed of the 
large lateral growth region 901 as shown in Fig. 9, when the 
lateral growth region 901 is microscopically observed, the 
lateral growth region is such a crystalline structure body as to 
be constituted by a plurality of needle-shaped or column-shaped 
crystals 1001 as shown in Fig. 10. 

In Fig. 10, reference numeral 1002 denotes a crystal 
grain boundary showing a boundary between the needle-shaped or 
column-shaped crystals, and from the direction of extension of 
the crystal grain boundary 1002, it is confirmed that the 
needle-shaped or column-shaped crystals 1001 grew substantially 
parallel to each other. Incidentally, the crystal grain boundary 
in the present specification indicates a boundary between the 
needle-shaped or column-shaped crystals unless specified 
otherwise . 

In the semiconductor device of the present invention, 
the metal element (mainly nickel) for promoting crystallization 
is removed through gettering by the heat treatment in the 
atmosphere containing a halogen element, so that the 
concentration of nickel, which has remained at a concentration 
of not less than 1 X 10ia atoms/cm3, i s reduced to not larger 
than 1 x 10^8 atoms/cm^, typically to 1 x lOi* - 5 x 10" 
atoms/cm3 (preferably not larger than spin density in the active 
layer) . 

Of course, it is conceivable that other metal element 
(Cu, Al etc.) mixed by contamination or the like (not added 
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intentionally) is similarly removed through gettering. 

At this time, it is expected that dangling bonds of 
silicon adorns are combined with oxygen during the heat treatment 
to form oxide (silicon oxide). As a result, the silicon oxide is 
formed in the region of "malignant crystal grain boundaries", 
and it is conceivable that the silicon oxide substantially 
functions as crystal grain boundaries. 

It is inferred that the crystal grain boundary 1002 
formed in this way has a state in which lattice defects are 
hardly included in the interface between the silicon oxide and 
crystalline silicon so that the alignment is excellent. This is 
because silicon atoms between lattices which cause defects are 
consumed by the synergy effect of a process in which the silicon 
oxide is formed by thermal oxidation and a process in which 
recombination between silicon atoms themselves or silicon atoms 
and oxygen atoms is promoted by the catalysis of nickel. 

That is, in Fig. 10, it is conceivable that the crystal 
grain boundary 1002 has little defects to capture carriers so 
that it behaves as "benign crystal grain boundary" which 
functions as only an energy barrier for carriers moving in the 
inside of the needle-shaped or column-shaped crystal. 

Since thermal oxidation reaction proceeds with priority 
in such a crystal grain boundary, a thicker thermal oxidation 
film is formed in the crystal grain boundary than other regions. 
Thus, it is inferred that a gate voltage applied to the vicinity 
of the crystal grain boundary becomes apparently small, which 
also can become an energy barrier. 
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Further, since this heat treatment is carried out at a 
relatively high temperature exceeding 700°C (typically 800 - 
1100°C) , Crystal defects such as dislocation or stacking fault 
existing in the inside of the needle-shaped or column- shaped 
crystal are almost vanished. Furthermore, the remaining dangling 
bonds of silicon atoms are terminated by hydrogen or a halogen 
element contained in the film. 

Accordingly, the present inventors define, in the state 
obtained in this way and shown in Fig. 10, the region of the 
inside of the plurality of needle-shaped or column-shaped 
crystals as "region considered to be substantially single 
crystal for carriers". 

The feature "considered to be substantially single 
crystal for carriers" means that there is no barrier to block 
the movement of carriers when the carriers move. In other words, 
there are no crystal defects and no grain boundaries, or no 
potential barriers as energy barriers. 

The present invention provides a semiconductor device 
with high performance which can constitute a drive circuit or a 
logic circuit by using a crystalline silicon film having the 
structure as described above so as to form an active layer of 
the semiconductor device typified by a TFT. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figs. 1A to ID are views showing manufacturing steps of 
a semiconductor device. 

Figs. 2A to 2D are views showing manufacturing steps of 
the semiconductor device. 
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Fig. 3 is a view showing a structure of arrangement of 
an active layer. 

Frgs-. 4A and 4B are views showing characteristics of a 
semiconductor device. 

Figs. 5A to 5D are views showing manufacturing steps of 
a semiconductor device. 

Figs. 6A to 6C are views showing manufacturing steps of 
the semiconductor device. 

Figs. 7A and 7B are photographs showing the structure of 
an electric circuit. 

Figs. 8A to 8C are views showing the structure of an 
active layer. 

Fig. 9 is a photograph showing the surface of a 
crystalline silicon film. 

Fig. 10 is a photograph showing a crystal structure. 

Fig. 11 is a photograph showing a crystal structure. 

Fig. 12 is a photograph showing a crystal structure. 

Figs, 13A and 13B are views showing the structure of a 
DRAM and an SRAM. 

Figs. 14A to 14D are views showing manufacturing steps 
of a semiconductor device. 

Figs. 15A to 15D are views showing manufacturing steps 
of a semiconductor device. 

Figs. 16A to 16F are views showing application examples 
of a semiconductor device. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention will be explained in detail on the 
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basis of preferred embodiments described below. 
[First Embodiment] 

Irr this embodiment, there is described an example where 
a crystalline silicon film formed in accordance with a 
manufacturing method of the present invention is used as an 
active layer of a thin film transistor (TFT). Figs. 1A to ID 
show part of manufacturing steps of the TFT. 

Incidentally, ^ means for crystallizing an amorphous 
silicQn film used in this embodiment is a technique disclosed in 
Japanese Patent Unexamined Publication No. Hei . 7-321339. 
Accordingly, in this embodiment, since only a brief description 
thereof will be disclosed, please refer to the publication for 
details . 

First, a substrate 101 having an insulating surface is 
prepared. In this embodiment, a silicon oxide film 102 with a 
thickness of 2000 A as an under layer is formed on a quartz 
substrate. A method of forming the silicon oxide film 102 
includes a low pressure thermal CVD method, a plasma CVD method, 
a sputtering method and the like. 

According to research of the present inventors, it has 
been found that the crystallinity of an obtained crystalline 
silicon film is superior if the under layer is dense when an 
amorphous silicon film is crystallized later. It is preferable 
that the film contains oxygen of 5 X 1017 to 2 x 1019 atoms/cm3. 

The oxygen contained in the film plays an important role at the 
later gettering process of a metal element for promoting 
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crystallization . 

Next, an amorphous silicon film 103 with a thickness of 
200 to 10*00 -A (350 A in this embodiment) is formed by the low 
pressure thermal CVD method. Silane-based gas (SiH 4 , Si 2 H 6 , Si 3 H 8 
and the like) may be used as film forming gas. The amorphous 
silicon film formed by the low pressure thermal CVD method has a 
small incidence of natural nucleus at the subsequent 
crystallization. This decreases the rate of mutual interference 
of the respective crystals (growth is stopped due to collision) , 
so that it is preferable in enlargement of a lateral growth 
width . 

Of course, the plasma CVD method, sputtering method, or 
the like may be used as a method of forming the amorphous 
s i 1 i c on film 10 3. 

Next, a silicon oxide film 104 with a thickness of 500 
to 1200 A is formed by the plasma CVD method or sputtering 
method, and then only regions of the silicon oxide film into 
which a metal element for promoting crystallization is to be 
introduced later, are selectively removed by etching. That is, 
this silicon oxide film 104 functions as a mask insulating film 
for selectively introducing nickel into the amorphous silicon 
film 103 . 

A region 105 exposed by the silicon oxide film 104 is 
formed into a slit shape having a longitudinal direction in the 
direction vertical to a paper surface (Fig. 1A) . 

Next, UV light is radiated in an oxygen atmosphere so 
that a very thin oxide film (not shown) is formed on the surface 
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of the amorphous silicon film 103 exposed on the region 105. 
This oxide film serves to improve wettability of a solution at a 
solution "applying step when a metal element for promoting 
crystallization is later introduced. 

The metal element for promoting crystallization is one 
kind of or plural kinds of elements selected from Fe, Co, Ni , 
Ru, Rh, Pd, Os, Ir, Pt , Cu and Au . In this embodiment, an 
example using Ni (nickel) will be described. 

Next, a nickel nitrate solution (or nickel acetate 
solution) containing nickel of a predetermined concentration 
(100 ppm in weight in this embodiment) is dropped, and a thin 
water film 106 containing nickel is formed by a spin coating 
method. It is possible to easily control the concentration of 
nickel added into the amorphous silicon film by adjusting the 
concentration of the nickel salt solution in the solution 
applying step (Fig. IB). 

Next, after extraction of hydrogen in an inert gas 
atmosphere at 450 °C for about one hour is carried out, a heat 
treatment (first heat treatment) at 500 to 700 °C, typically 550 
to 600 °C for 4 to 8 hours is carried out to crystallize the 
amorphous silicon film 103. In this way, a crystalline silicon 
film 107 is obtained (Fig. 1C) . 

At this time, crystal growth proceeds so that needle- 
shaped or column-shaped crystals extend in substantially 
parallel to the substrate. In this embodiment, since the region 
105 is the slit shape having the longitudinal direction from 
this side to back side of the drawing, the crystal growth 
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proceeds toward substantially one direction as shown by an arrow 
108. At this time, the crystal growth can be made over the 
length of "several hundred |im or more. 

Reference numeral 109 denotes a nickel added region 
which contains nickel of higher concentration than the lateral 
growth region 107. Since the crystal growth proceeds under the 
condition that crystal nuclei excessively close up in the added 
region 109, the crystallini ty is not very good. Thus, an active 
layer -subsequently formed will be constituted by regions except 
the added region 109. 

Next, after the heat treatment for crystallization is 
ended, the silicon oxide film 104 as the mask insulating film 
for selectively adding the nickel is removed. This step is 
easily carried out by buffered hydrofluoric acid or the like. 

Laser annealing by an excirner laser may be applied to 
the crystalline silicon film 107 before and/or after a 
subsequent heat treatment in an atmosphere containing a halogen 
element. However, although the crystallinity of the crystalline 
silicon film can be improved by the laser irradiation, roughness 
is apt to be formed on the surface of the silicon film, so that 
care must be paid. 

Next, the thus obtained crystalline silicon film 107 is 
patterned to form an active layer 110 subsequently functioning 
as an active layer of a TFT. In the present invention, the 
arrangement of the active layer is important. That will be 
described later. 

After formation of the active layer 110, a gate 
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insulating film ill with a thickness of 200 to 1500 A (300 A in 
this embodiment) made of a silicon oxide film is formed on the 
active layer 110. A method of forming the gate insulating film 
111 includes a vapor phase method such as a plasma CVD method, a 
thermal CVD method, and a sputtering method. 

A silicon nitride film, a silicon oxynitride film, or a 
lamination film of those insulating film may also be used 
instead of the silicon oxide film. 

Next, a heat treatment (second heat treatment) in an 
atmosphere containing a halogen element is carried out. A 
primary object of this heat treatment is to remove the metal 
element (especially nickel) in the active layer 110 by using the 
gettering effect of the metal element by the halogen element 
(Fig. ID) . 

It is important to carry out the heat treatment for this 
gettering at a temperature over 700 °C to obtain the gettering 
effect. If the temperature is lower than this temperature, there 
is a fear that a sufficient gettering effect can not be obtained 
since the gate insulating film 111 becomes a blocking layer. 

Thus, the heat treatment is carried out at a temperature 
over 700 °C, preferably 800 to 1000 °C (typically 950 °C) , for 
0.1 to 6 hours, typically 0.5 to 1 hour. 

In this embodiment, the heat treatment at 9 50 °C for 3 0 
minutes is carried out in an atmosphere containing hydrogen 
chloride (HCl) of 0.5 to 10 vol. % with respect to an oxygen 
(0 2 ) atmosphere. If the concentration of HCl is more than the 
above concentration, roughness comparable with the film 
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thickness is formed on the film surface of the crystalline 
silicon film, so that it is not preferable. 

In this embodiment, although HC1 gas is exemplified as a 
compound containing the halogen element, other gas of one kind 
of or plural kinds of halogen containing compounds selected from 
the group consisting of HF, NF 3 , HBr, Cl 2/ C1F 3 , BC1 3 , F 2 , and Br 2 
may be used. In general, hydroxide or organic material 
(carbohydrate) of halogen may be used. 

It is conceivable that in this step, nickel segregated 
in the crystal grain boundaries of the needle-shaped or column- 
shaped crystals is subjected to gettering by the operation of 
the halogen element (here, chlorine) so that nickel is converted 
into volatile nickel chloride and is separated into the air to 
be removed . 

The nickel concentration in the active layer 110 which 
has not been subjected to the gettering treatment, is about 1 x 
1018 atoms/cm3 at the maximum, and at least 5 x 10i 7 atoms/cm3 
according to SIMS measurement. It is confirmed according to the 
SIMS analysis that the nickel concentration in the active layer 
110 is decreased by the gettering treatment of this embodiment 
to 1 X 1018 atoms/cm3 or less, further decreased to 5 x ion 
atoms/cnv* or less. 

Although the lower limit of detection of the SIMS is 
about 1 x 1016 atoms/cm3, according to characteristics of the TFT 
of this embodiment described later, it is conceivable that the 
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nickel concentration is lower than spin density (1 x 1Q15 to 1 x 
1016 cm-3) ^>f the active layer 110, and is decreased to about 1 X 
10^4 atoms/cm3. 

That is, by the gettering treatment, the concentration 
of nickel in the active layer 110 is decreased to 1 X 10*8 
atoms/cm3 or less, typically to a level not to influence the 
device characteristics (preferably less than spin density in the 
active layer), that is, 1 X 10i* to 5 x iQn atoms /cm*. 

According to the finding of the present inventors, it is 
conceivable that the nickel used for promoting crystallization' 
tends to be mainly segregated in the crystal grain boundaries of 
the needle-shaped or column- shaped crystals, and is 
substantially hardly contained in the inside of the needle- 
shaped or column-shaped crystals. 

However, according to the present SIMS analysis, since 
both information of the inside of the crystals and the crystal 
grain boundaries are detected, the nickel concentration in the 
present specification strictly means an average concentration of 
nickel contained in the inside of crystals and the crystal grain 
boundaries . 

In the case where the gettering step is carried out, the 
halogen element used for the gettering treatment remains in the 
crystalline silicon film at a concentration of 1 x iQis to 1 x 
1020 a toms/cm3. At that time, the halogen element tends to be 
distributed between the crystalline silicon film and thermal 
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oxidation film at a high concentration. 

It is conceivable that nickel was pushed toward the 
crystal grain boundaries of the needle-shaped or column-shaped 
crystals at the crystallization and was segregated, so that 
nickel existed as nickel silicide. At the gettering, nickel is 
converted into nickel chloride and is separated, so that 
dangling bonds of silicon obtained by cutting of bonds with 
nickel, increase in the crystal grain boundaries. 

However, it is conceivable that since the above steps 
are carried out in an oxidative atmosphere at a relatively high 
temperature, the formed dangling bonds are easily coupled with 
oxygen to form an oxide (silicon oxide represented by SiOx) . 
That is, the present inventors consider that the crystalline 
silicon film becomes a crystalline structure body in which 
silicon oxide functions as crystal grain boundaries, by the 
above series of heating steps. 

The remaining dangling bonds are terminated by hydrogen 
or the halogen element contained in the active layer 110 or are 
compensated by recombination of silicon atoms themselves. 
Further, the crystal defects such as dislocation or stacking 
fault are almost vanished by recombination or rearrangement of 
silicon atoms. Thus, it is conceivable that the crystallini ty of 
the inside of the needle-shaped or column-shaped crystals is 
also remarkably improved. 

Nickel in the active layer 110 is sufficiently removed 
by the heat treatment in the halogen atmosphere so that nickel 
does not damage the device characteristics, and the 
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crystallinity of the needle-shaped or column- shaped crystals 
constituting the active layer 110 is remarkably improved. Thus, 
the active layer is constituted by the crystalline structure 
body including regions which can be considered to be 
substantially single crystal for carriers. 

By the above heat treatment, thermal oxidation reaction 
proceeds at the interface between the active layer 110 and the 
gate insulating film 111, so that a silicon film of about 100 A 
is oxidized and a thermal oxidation film of about 200 A is 
formed. That is, the total film thickness of the gate insulating 
film 111 is 500 A which is the sum of the thickness of the film 
formed by the CVD method and the thickness of the film formed by 
the thermal oxidation. 

Further, after the above heat treatment in the halogen 
atmosphere is carried out, a heat treatment in a nitrogen 
atmosphere at 950 °C for about one hour is carried out, so that 
the film quality of the gate insulating film 111 is improved and 
an extremely superior interface between the semiconductor and 
insulating film is realized. 

The active layer 110 is formed by a dry etching method, 
and there is a fear that plasma damages remaining in edges of 
the active layer at the formation of the active layer cause a 
leak current of a TFT. In the case of this embodiment, since the 
edges of the active layer are thermally oxidized, the heat 
treatment also serves to remove the plasma damages. 

After the formation of the gate insulating film (thermal 
oxidation film) 111 is ended in this way, an aluminum film (not 
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shown) with a thickness of 2500 A for constituting a gate 
electrode is formed by a sputtering method. The aluminum film is 
made to Contain scandium of 0.2 wt% to prevent hillocks or 
whiskers . 

Although a material containing mainly aluminum is used 
as a material for forming the gate electrode (including gate 
wiring) , other material such as tungsten, tantalum, or 
molybdenum may be used. A crystalline silicon film made 
conductive may be used as the gate electrode. 

Next, as shown in Fig. 2A, the aluminum film is 
patterned so that island pattern 112 of the aluminum film as an 
original form of the gate electrode is formed. A resist mask 
(not shown) used at this time is made to remain as it is (Fig. 
2A) . 

Then, anodic oxidation using the pattern 112 of the 
aluminum film as an anode is carried out. This technique uses a 
well known anodic oxidation technique (for example, see Japanese 
Patent Unexamined Publication No. Hei. 7-135318). First, a 
porous anodic oxidation film 113 is formed at the side surface 
of the pattern 112 by this anodic oxidation step. In this 
embodiment, the film thickness of the anodic oxidation film 113 
i s made 0.7 (lm . 

After the porous anodic oxidation film 113 as shown in 
Fig. 2B is formed, the not-shown resist mask is removed. Then, 
anodic oxidation is again carried out to form a dense anodic 
oxidation film 114. The film thickness of the dense anodic 
oxidized film 114 is made 900 A. 
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A gate electrode 115 becomes definite through the above 
steps. The dense anodic oxidation film 114 serves to protect the 
surface of- the gate electrode 115 in the subsequent step and to 
suppress the occurrence of hillocks or whiskers. 

Next, after the dense anodic oxidation film 114 is 
formed, impurity ions for forming source/drain regions are 
implanted in this state. If an N-channel type TFT is to be 
manufactured, P (phosphorus) ions may be implanted, and if a P- 
channel type TFT is to be manufactured, B (boron) ions may be 
implanted. 

In this step, a source region 116 and a drain region 117 
to which impurities of high concentration are added are formed. 

Next, after the porous anodic oxidation film 113 is 
selectively removed by using a mixed acid of acetic acid, 
phosphoric acid, and nitric acid, P ions are again implanted. 
This ion implantation is carried out at a dose lower than that 
at the formation of the source/drain regions (Fig. 2C) . 

Then, low concentration impurity regions 118 and 119 
having an impurity concentration lower than the source region 

116 and the drain region 117 are formed. A region 120 
immediately below the gate electrode 115 becomes a channel 
formation region in self alignment. 

The low concentration impurity region 119 disposed 
between the channel formation region 12 0 and the drain region 

117 is called especially an LDD (lightly doped drain region) 
which has an effect to relieve a high electric field formed 
between the channel formation region 12 0 and the drain region 
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117 . 

The channel formation region 120 (strictly the inside of 
the needle-shaped or column-shaped crystal) is constituted by an 
intrinsic or substantially intrinsic region. The intrinsic or 
substantially intrinsic region means that an activation energy 
is about 1/2 (Fermi level positions at the center of a forbidden 
band) and the impurity concentration is lower than the spin 
density, or is an undoped region in which impurities such as P 
or B are not intentionally added. 

Further, after the above step of impurity ion 
implantation, annealing to the region subjected to the ion 
implantation is carried out by irradiation of laser light, 
infrared light or ultraviolet light. By this treatment, 
activation of added ions and recovery of damages of the active 
layer received at the ion implantation are carried out. 

It is effective to carry out a hydrogenat ing treatment 
within a temperature range of 3 00 to 3 50 °C for 0.5 to 1 hour. 
In this step, dangling bonds generated by hydrogen separation 
from the active layer are again terminated by hydrogen. When 
this step is carried out, hydrogen of a concentration of 1 x 1021 
atoms/cm3 or less, preferably 1 x 10" to 1 x 10 21 atoms/cm3 i s 
added . 

After the state as shown in Fig. 2C is obtained in this 
way, an interlayer insulating film 121 is next formed. The 
interlayer insulating film 121 is constituted by a silicon oxide 
film, a silicon nitride film, a silicon oxynitride film, an 
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organic resin film, or a lamination film of chose films (Fig. 
2D) . 

If" polyimide of the organic resin film is used, since 
the relative dielectric constant is small, parasitic capacitance 
between upper and lower wirings can be decreased. Further, since 
the polyimide film can be formed by a spin coating method, the 
film thickness can be easily made thick so that the throughput 
can be improved. 

Next, contact holes are formed in the inter layer 
insulating film 121, and a source electrode 122 and a drain 
electrode 123 are formed. Further, a heat treatment in a 
hydrogen atmosphere at 350 °C is carried out so that the entire 
of a device is hydrogenated and the TFT shown in Fig. 2D is 
completed . 

Although the TFT as shown in Fig. 2D has the simplest 
structure for explanation, it is easy to make a desired TFT 
structure by adding some change and/or addition to the 
manufacturing steps of this embodiment. 

Here, the reason why the arrangement of the active layer 
110 is important at the formation thereof, will be described 
with reference to Fig. 3. 

When this embodiment is practiced, the needle-shaped or 
column-shaped crystals grow substantially parallel with each 
other, so that this embodiment has a feature that the crystal 
grain boundaries are aligned in one direction. Further, if the 
metal element for promoting crystallization is selectively 
added, it is possible to freely control the direction in which 
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the needle-shaped or column-shaped crystals grow. This has a 
very important meaning . 

Here; an example in which an active layer is formed on a 
substrate having an insulating surface will be shown in Fig. 3. 
Fig. 3 shows active layers disposed in a matrix form on a 
substrate 3 01 when an active matrix type liquid crystal display 
device is manufactured . 

Regions indicated by dotted lines 3 02 are places where 
regions for selectively introducing nickel existed. Reference 
numeral 3 03 denotes a place where macroscopic grain boundaries 
formed by collision of lateral growth regions existed. Since 
these regions can not be confirmed after formation of the active 
layer, these are indicated by the dotted lines. 

In the case where crystallization is carried out by the 
means shown in this embodiment, the needle-shaped or column- 
shaped crystals grow in the direction (direction indicated by 
arrows in the drawing) substantially vertical to the nickel 
added region 302. 

Accordingly, if the island regions 304 are arranged as 
shown in Fig. 3, it is possible to align the channel direction 
and the crystal grain boundaries of the needle-shaped or column- 
shaped crystals so that they substantially coincide with each 
other. Further, if the nickel added region 302 is designed so 
that it extends from end to end of the substrate 301, it is 
possible to realize the above structure on the entire of the 
substrate. 

When such a structure is provided, the channel direction 
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and the needle-shaped or column-shaped crystals coincide with 
each other. That is, this means that when the crystals function 
as active" layers of TFTs , energy barriers for blocking the 
movement of carriers in the channel formation regions are 
extremely small, so that further improvement of operation speed 
can be expected. 

In other words, the above statement means that it is 
possible to control the directionality of the needle-shaped or 
column-shaped crystals so that it has a specific angle with 
respect to the channel direction. Fig. 3 shows the case where 
the specific angle is 0°. 

That is, from the viewpoint different from Fig. 3, it is 
also possible to consider the case where the active layer 304 is 
rotated by 90°. In this case, although the mobility of carriers 
is lowered, it is possible to expect low off-state current 
characteristics and high withstand voltage characteristics. 

Fig. 4 shows electric characteristics of a semiconductor 
device shown in Fig. 2D and manufactured by the present 
inventors in accordance with this embodiment. Fig. 4A shows 
electric characteristics (Id-Vg characteristics) of an N-charmel 
type TFT, and Fig. 4B shows electric characteristics of a P- 
channel type TFT. In the graphs showing Id-Vg characteristics, 
measuring results of five points are put together to be shown. 

VG at the axis of abscissas indicates values of gate 
voltage, and ID at the axis of ordinates indicates values of 
current flowing between the source and drain. Id-Vg 
characteristics (Id-Vg curved line) designated by 401 and 403 
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indicate characteristics when drain voltage VD = IV. Id-Vg 
characteristics designated by 402 and 404 indicate the 
characteristics when drain voltage VD = 5V. Reference numeral 
405 and 406 denotes leak currents when voltage VD = IV. 

Since almost all values of drain current (Ioff) in the 
off-state region (not more than -IV in Fig. 4A, not less than 
-IV in Fig. 4B) and leak current (IG) in the on-state and off- 
state regions are not larger than 1 x 10-13A (lower limit of 

measurement) , they are mixed up with noise. 

Tables 1 and 2 show typical characteristic parameters of 
the TFT according to the present invention, which are obtained 
from the electric characteristics shown in Figs. 4A and 4B. 
Table 1 shows the result of electric characteristics 

(measurement of arbitrary twenty points) of an N-channel type 
TFT, and Table 2 shows the result of electric characteristics 

(measurement of arbitrary twenty point) of a P-channel type TFT. 
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[Table 1] MEASUREMENT RESULT OF N-CHANNEL TYPE TFT (Single 
Gate) 



Heasu- 
r ement 
Point 


IonOl 
[J1A] 
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[Table 2] MEASUREMENT RESULT OF P-CHANNEL TYPE TFT (Single Gate) 
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Especially noticeable points in Tables 1 and 2 are that 
the subthreshold characteristics (S-value) are so small that 
they are within the range of 60 to 100 mV/dec, and the mobility 
(JIFE) has such a very large value as 150 to 300 cm^/Vs. The 
mobility in the present specification means field effect 
mobility . 

These measurement data can not be attained by a 
conventional TFT , and it verifies that the TFT of the present 
invention is a very high performance TFT comparable with a 
MOSFET fabricated on a single crystal. 

At the same time, it is confirmed by an accelerated 
degradation test through repeated measurements that the TFT of 
the present invention has high resistance against degradation. 
Empirically, a TFT operating at high speed has a defect that it 
is apt to be deteriorated. However, it turns out that the TFT of 
the present invention does not deteriorate and has very high 
withstand voltage characteristics. 

Tables 1 and 2 also show average values and standard 

deviations (G values) for reference. The standard deviation is 

used as a scale indicating dispersion (variation) from an 
average value. Generally, assuming that measurement results 
(population) are in accordance with the normal distribution 
(Gaussian distribution), it is known that 68.3% of the entire is 
within the range of ±la with the center of the average value, 

95.4% within the range of ±2<7, and 99.7% within the range of 

±3<J. 
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The present inventors measured 540 pieces of TFTs in 
order to more accurately estimate the dispersion of the TFT 
character Tstics of this embodiment, and obtained the average 
value and standard deviation from the results. As a result, the 
average value of S-values was 80.5 mV/dec (n-ch) and 80.6 mV/dec 
(p-ch) , and the standard deviation was 5.8 (n-ch) and 11.5 (p- 
ch) . The average value of mobility (max) was 194.0 cmVVs (n-ch) 
and 131.8 cmVVs (p-ch), and the standard deviation was 38.5 (ri- 
ch) and 10 . 2 (p-ch) . 

That is, in the N-channel type TFT using the present 
invention, the TFT characteristics as shown below can be 
obtained. 

(1) a-value of S-values is within 10 mV/dec, preferably 
5 mV/dec. 

(2) S-values are within 80 ± 30 mV/dec, preferably 80 ± 
15 mV/dec. 

(3) a-value of (J.FE is within 40 cmVVs, preferably 35 

cm2/Vs . 

Also, in the P-channel type TFT using the present 
invention, the TFT characteristics as shown below can be 
obtained. 

(1) a-value of S-values is within 15 mV/dec, preferably 
10 mV/dec. 

(2) S-values are within 80 ± 45 mV/dec, preferably 80 ± 
3 0 mV/dec. 

(3) a-value of \iFE is within 15 cm2/Vs, preferably 10 
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cm2/Vs . 

As described above, the TFT according to the present 
invention 'realizes extremely superior electric characteristics, 
and the TFT can constitute a logic circuit requiring high speed 
operation, such as a complicated SRAM circuit or a DRAM circuit 
in which only MOSFETs formed on a single crystal have been 
conventionally used. 

Although manufacturing steps of a single gate structure 
are disclosed in this embodiment, the present invention can be 
applied to a TFT having a double gate structure or a multi gate 
structure including more gate electrodes. 

The present invention can be realized by increasing the 
crystallinity of an active layer, and can be practiced 
irrespective of TFT structures as long as heat resistance 
allows . 

[Knowledge as to crystalline structure body obtained by 
the present invention] 

It has been already disclosed that the crystalline 
silicon film obtained by the present invention is a crystalline 
structure body made of aggregation of needle-shaped or column- 
shaped crystals as shown in Fig. 10. Here, comparison between 
the crystalline structure body of the present invention and a 
crystalline structure body obtained by other method will be 
carried out . 

A photograph shown in Fig. 11 is a TEM photograph of a 
sample in which crystallization of an amorphous silicon film is 
completed through the procedure of the first embodiment. That 
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is, the drawing shows the crystal structure of a crystalline 
silicon film which is not subjected to the heat treatment 
including "the halogen element. 

As is confirmed in Fig. 11, there are many dislocation 
defects (in a circle designated by 1101) in the inside of the 
needle-shaped or column-shaped crystals immediately after 
crystallization. However, in the TEM photograph shown in Fig. 
10, such dislocation defects can not be confirmed in the inside 
of the crystals, and it is understood that fine crystal 
structure is obtained. 

This verifies that the heat treatment in the atmosphere 
containing the halogen element greatly contributes to 
improvement of crystallini ty . 

Fig. 12 shows a crystalline structure body in the case 
where conditions of crystallization of an amorphous silicon film 
are made different from the present invention. Specifically, a 
heat treatment in a nitrogen atmosphere at 600°C for 48 hours is 
carried out to crystallize the amorphous silicon film, and a 
thermal oxidation treatment at about 900 to 1100°C is carried 
out . 

The crystalline silicon film formed in the manner 
described above has a state in which respective crystal grains 
are large and are divided by irregularly distributed grain 
boundaries . 

In Fig. 12, crystal grains 1201 are surrounded by 
irregular grain boundaries 1202. Thus, if the crystalline 
structure body shown in Fig. 12 is actually used as an active 
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layer of a TFT, energy barriers generated by the irregular grain 
boundaries 1202 block the movement of carriers. 

On the other hand, the crystalline structure body shown 
in Fig. 10 has a state in which the crystal grain boundaries 
1002 are arranged with certain degree of regularity. Thus, it is 
conceivable that there is no energy barrier to block the 
movement of carriers in the inside of the needle-shaped or 
column- shaped crystals. 

As a result of observation of arranging state of the 
needle-shaped or column-shaped crystals by a wide field of about 
ten thousands to fifty thousands magnifications conducted by the 
present inventors, it is confirmed that there is a case where 
the needle-shaped or column-shaped crystals proceed zigzag. This 
is a phenomenon caused by the tendency that crystal growth 
proceeds toward a direction stable in view of energy. It is 
inferred that a kind of grain boundary is formed at the portion 
where the crystal direction is changed. 

However, the present inventors infer that the grain 
boundaries generated in the inside of the needle-shaped or 
column-shaped crystal are those like twin grain boundaries 
inactive in energy. That is, the inventors infer that they are 
grain boundaries continuously coupled in good alignment though 
the crystal directions are different from each other, and they 
are such grain boundaries (substantially not considered to be 
grain boundaries) that they do not become energy barriers to 
block the movement of carries . 

As described above, the crystalline silicon film 
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crystallized by a general process has the crystalline structure 
as shown in Fig. 12, and since the irregular grain boundaries 
are distributed to block the movement of carriers, it is 
difficult to attain a high mobility. 

However, the crystalline silicon film of the present 
invention has the crystalline structure as shown in Fig. 10, and 
the crystal grain boundaries are aligned substantially in one 
direction, and it is conceivable that there are no grain 
boundaries substantially as energy barriers in the inside of the 
needle-shaped or column-shaped crystals. That is, carriers can 
move in the inside of the crystals without being blocked so that 
an extremely high mobility can be attained. 

Especially, the noticeable point of the needle-shaped or 
column-shaped crystals obtained by the present invention is that 
it is conceivable that the crystals grow continuously over a 
distance of several tens to several hundred urn while avoiding 
distortion due to roughness, stress or the like (changing the 
crystal direction) . 

If the inference of the present inventors is correct, 
the crystalline silicon film of the present invention is a quite 
new crystalline structure body constituted by aggregation of 
specific crystals in which crystals grow without forming grain 
boundaries which can be carrier traps . 
[Second Embodiment] 

In this embodiment, a CMOS circuit is formed by a TFT 
shown in the first embodiment. The CMOS circuit is constituted 
by complementarily combining an N-channel type TFT and a P- 
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channel type TFT having the structure as shown in the first 
embodiment . 

Manufacturing steps of the CMOS circuit of this 
embodiment will be described with reference to Figs. 5 and 6. 
The range of application of the crystalline silicon film formed 
by the present invention is wide, and the method of forming the 
CMOS circuit is not limited to this embodiment. 

First, in accordance with the manufacturing procedure 
shown in the first embodiment, a silicon oxide film 502 is 
formed on a quartz substrate 501, and a crystalline silicon film 
(not shown) is formed thereon. By patterning the crystalline 
silicon film, an active layer 503 for an N-channel type TFT and 
an active layer 504 of a P-channel type TFT are formed. 

After the active layers 503 and 504 are formed, a gate 
insulating film 505 is formed, and further a heat treatment in 
an atmosphere containing a halogen element is carried out. In 
this embodiment, the processing conditions are made the same as 
the first embodiment. In this way, the active layers 503 and 504 
become the crystalline structure body of the present invention, 
and a gate insulating film 505 having superior film quality and 
an interface is formed. 

Next, an aluminum film (not shown) subsequently 
constituting an original form of a gate electrode is formed, and 
is patterned so that patterns 506 and 507 of the aluminum film 
are formed (resist mask used for patterning is made to remain 
even after the formation of the patterns) . 

In this way, the state shown in Fig. 5A is obtained. 
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After formation of the patterns 506 and 507 of the aluminum 
film, porous anodic oxidation films 508 and 509 are formed at 
the sides "of" the patterns 506 and 507 of the aluminum film under 
the same conditions as the first embodiment. In this embodiment, 
the film thickness of the porous anodic oxidation films 508 and 
509 are made 0.5 |im. 

Further, under the same condition as the first 
embodiment, dense and firm anodic oxidation films 510 and 511 
are formed. However, in this embodiment, the final voltage is 
adjusted so that the film thickness is made 700 A. In this step, 
the gate electrodes 512 and 513 become definite. In this way, 
the state shown in Fig. 5B is obtained. 

After the state shown in Fig. 53 is obtained, the gate 
insulating film 505 is etched by a dry etching method. In this 
etching step, the gate electrodes 512 and 513 and the porous 
anodic oxidation films 508 and 509 serve as a mask so that only 
the gate insulating films immediately below them remain. When 
the porous anodic oxidation films 508 and 509 are removed after 
etching, the state shown in Fig. 5C is obtained. 

Next, a resist mask 514 is formed so as to cover the P- 
channel type TFT, and doping of P (phosphorus) ions as 
impurities to give N-type conductivity are carried out. This 
doping is carried out at an acceleration voltage of 50 KeV, a 
dose of 0.1 to 5 x lO" atoms/cm^ preferably 0 . 5 to 2 X 1013 

atoms /cm 2 . 

Since an acceleration voltage in this doping step is 
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relatively high, P ions pass through the exposed gate insulating 
film and are implanted into the active layer 503. As a result, P 
ions are added into regions 515 and 516 (Fig. 5C). 

Next, as shown in Fig. 5D, P ions are again implanted. 
This implantation of P ions is carried out at such a low 
acceleration voltage as 5 Kev, and at a dose of 0.1 to 1 x lO^s 
atoms/err^, preferably 2 to 5 x 1014 atoms/cm2. A s a result of 
this step, regions 517 and 518 where P ions of high 
concentration are added, are formed. 

At the time when the step shown in Fig. 5D is completed, 
an active layer of the N-channel type TFT is completed. That is, 
a source region 517, a drain region 518, low concentration 
impurity regions (or LDD regions) 519 and 520, and a channel 
formation region 521 of the N-channel type TFT become definite. 

Next, as shown in Fig. 6A, a resist mask 522 covering 
the left side N-channel type TFT is formed. In the state shown 
in Fig. 6A, implantation of B (boron) ions as impurities to give 
P-type conductivity is carried out. Doping of B ions is carried 
out in two steps as in the case of P ions. 

The first B ion doping is carried out at an acceleration 
voltage of 30 Kev and at a dose of 0.1 to 5 x lO" atoms/cm2, 
preferably about 0.5 to 2 x 10*4 atoms/cm2. According to this 
step, B ions are added into the regions 523 and 524 (Fig. 6A) . 

The second B ion doping is carried out at an 
acceleration voltage of 5 Kev and at a dose of 0.1 to 1 x lO* 5 
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atoms/cm*, preferably 2 to 5 X 1014 atoms/cm^. By this step, 
regions 525 and 526 where B ions of high concentration are 
added, are formed (Fig. 6B) . 

By the above steps, a source region 525, a drain region 
526, low concentration impurity regions (or LDD regions) 527 and 
528, and a channel formation region 529 of the P-channel type 

TFT become definite. 

Next, after the completion of the step shown in Fig. 6B, 
the resist mask 522 is removed, and intense light such as laser 
light, infrared light, or ultraviolet light is irradiated to the 
entire surface of the substrate. By this step, the added 
impurity ions are activated and damages of regions where 
impurity ions are implanted are recovered. 

Next, an interlayer insulating film 530 with a thickness 
of 4000 A is formed. The interlayer insulating film 530 may be 
formed of any of a silicon oxide film, a silicon oxynitride 
film, a silicon nitride film, and an organic resin film, or may 
be formed of a multilayer structure. These insulating films is 
formed by a plasma CVD method, a thermal CVD method, or a spin 

coating method. 

Next, contact holes are formed, and a source electrode 
531 of the N-channel type TFT and a source electrode 532 of the 
P-channel type TFT are formed. A drain electrode 53 3 is commonly 
possessed by the N-channel type TFT and the P-channel type TFT 
so that the CMOS circuit is realized (Fig. 6C) . 

Through the above steps, the CMOS circuit of the 
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structure shown in Fig. 6C can be formed. The CMOS circuit is an 
inverter circuit having the simplest structure. A closed circuit 
formed by "connecting an odd number of CMOS inverter circuits in 
series is called a ring oscillator, which is used when the 
operation speed of a semiconductor device is evaluated. 

Here, an upside photograph shown in Fig. 7A is a ring 
oscillator circuit constituted by combination of CMOS circuits 
manufactured in accordance with this embodiment. The present 
inventors actually formed an active matrix type liquid crystal 
display device using the present invention, and confirmed the 
operation performance of its drive circuit by the ring 
oscillator . 

A width of a gate electrode of the CMOS circuit 
constituting the ring oscillator shown in Fig. 7A is thin and is 
about 0.6um, and the channel formation region is made so minute 
that a short channel effect usually occurs. 

Fig. 7B is a photograph of a shift resistor for 
reference. The shift resister circuit shown in Fig. 7B is one of 
important circuits constituting an experimentally manufactured 
peripheral drive circuit, and is a logic circuit for specifying 
an address of a pixel region. Especially, a shift resister 
circuit for horizontal scanning (source side use) is required 
driving at very high frequency of about several MHz to several 
tens MHz at a real operation. 

The oscillation frequency of the ring oscillator was 
measured by the ring oscillator in which nine, nineteen, and 
fifty one groups (steps) of CMOS circuits are connected. As a 
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result, in the ring oscillator of nine stages at a power source 
voltage of 3 to 5V, oscillation frequencies of more than 300 
MHz, or over -500 MHz in some oscillators were obtained. Thus, it 
is found that the operation speed is extremely high. 

These values mean that the operation speed is near 20 
times higher than the ring oscillator formed by conventional 
manufacturing steps. Even if the power source voltage is changed 
in the range of 1 to 5V, the oscillation frequencies of several 
tens to several hundred MHz are always realized. 

As described above, the CMOS circuit using the present 
invention can be operated at high speed without any problem even 
in the state where additional values are forcibly added in view 
of circuit design, and has performance to satisfy all logic 
circuits . 

Further, although the channel length is made 0.6 um 
which is extremely thin, the CMOS circuit has such very high 
withstand voltage characteristics as to withstand extremely high 
speed operation as shown in this embodiment, which means that 
the TFT of the present invention is hardly influenced by the 
short channel effect and has very high reliability. 

[Inference derived by the structure of the present 

invention] 

As shown in the first embodiment and the second 
embodiment, the TFT formed in accordance with the present 
invention has extremely high performance (high speed operation 
characteristics, high withstand voltage characteristics). The 
feature that the TFT has high resistance against deterioration 
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though it has such high speed operation characteristics, is 
empirically said to be a peculiar phenomenon. The present 
inventors considered why the TFT of the present invention was so 
superior in deterioration resistance, and inferred a theory, 
which will be described below. 

The present inventors attached importance to the effect 
of crystal grain boundaries of needle-shaped or column-shaped 
crystals as reason why the withstand voltage of the TFT of the 
present invention is high. That is, the present inventors 
inferred that the crystal grain boundaries (expected to be oxide 
regions) existing locally in the channel formation region 
effectively relieve high electric field applied between the 
source region and the drain region, especially between the 
channel formation region and the drain region. 

Concretely, the inventors considered that the crystal 
grain boundaries especially suppress an electric field formed by 
a depletion layer charge and extending from the drain region, 
and they serve not to change a diffusion voltage at the source 
side even in the state where the drain voltage become high 
(state where the drain side depletion layer charge is 
increased) . 

In summary, in the case where the crystalline silicon 
film of the present invention is used as an active layer, it is 
conceivable that the channel formation region satisfies the 
following structures. 

(1) There is a substantially intrinsic (for carriers) 
region (inside of needle-shaped or column-shaped crystals) in 
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which carriers move. 

(2) There is an energy barrier to suppress the movement 
of carriers or to relieve an electric field applied in a channel 
direction (direction connecting source and drain) . 

Accordingly, it is conceivable that the TFT having 
superior characteristics as shown in the present invention can 
be manufactured by satisfying the above two structures, in other 
words, by making the structure having the channel formation 
region which is substantially intrinsic for carriers, and the 
locally formed energy barrier. 

The above structures are derived from experimental data 
of the present inventors though some assumption is added. Then, 
the inventors expected that if the structures are artificially 
formed, similar effects can be obtained. 

As a result, the inventors came to propose the effective 
structure to suppress the short channel effect. The brief 
description will be given here. However, the consideration set 
forth below is merely within inference in the present 
circumstances . 

The short channel effect is a generic term referring to 
lowering of a threshold voltage, deterioration of a withstand 
voltage with a punch- through phenomenon, deterioration of 
subthreshold characteristics and the like. The especially 
problematic punch- through phenomenon is a phenomenon in which a 
depletion layer at a drain side extends to a source region, so 
that a diffusion voltage at a source side is lowered, and a 
through current flows between the source and drain. 
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Then, the present inventors paid attention to the effect 
of crystal grain boundaries of the present invention, and 
inferred Chat in the short channel TFT having a channel length 
of about 0.01 to 2 \uci, the effect to suppress the extension of 
depletion layer at the drain side can be obtained by providing 
impurity region artificially and locally into the channel 

formation region. 

It is conceivable that such a structure can be obtained 
by making an active layer have a structure as shown in Fig. 8. 
In Fig. 8A, 801 denotes a source region, 802 denotes a drain 
region, and 803 denotes a channel formation region. An impurity 
region 804 is artificially formed in the channel formation 
region 803. In the channel formation region 803, a region 805 
other than the impurity region 804 is a substantially intrinsic 
region where carriers move. 

Here, it is important that the structure shown in Fig. 
8A is a structure similar to the crystalline structure body of 
the present invention shown in Fig. 10. That is, the crystal 
grain boundary designated by 1001 in Fig. 10 corresponds to 
impurity region 804 in Fig. 8A, and the needle-shaped or column- 
shaped crystal shown in Fig. 10 corresponds to the region 805 
shown in Fig. 8A where carries move. 

Accordingly, it is inferred that the impurity region 804 
arranged in the channel formation region 803 forms locally a 
region where a built-in potential (also called energy barrier) 
is high, in the channel formation region, and the extension of 
drain side depletion layer is effectively suppressed by the 
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energy barrier. 

Fig. 8B is a sectional view taken along A- A 1 of Fig. 8A. 
806 denotes a substrate having an insulating surface. Fig. 8C is 
a sectional view taken along B-B' of Fig. 8A. 

In Fig. 8C, Wpi,n denotes a width of the impurity region 
804, and Wpa,m denotes a width of a region where carriers move. 
Here, n and m mean that in the channel formation region 803, 
Wpi,n is a width of an n-th impurity region, and Wpa,m is a m-th 
region where carriers move. 

Accordingly, the practical field effect mobility of the 
TFT of the present invention is obtained by substituting an 
effective channel width Wpa (total of Wpa,m from 1 to m) into a 
theoretical equation expressed below. 

(IFE = l/Cox(Ald/AVg) • 1/Vd • L/W 

Here, Cox is a capacitance of a gate oxidation film, Aid 
and AVg are respectively an amount of change of drain current Id 
and gate voltage Vg, Vd is a drain voltage, and L and W are 
respectively a channel length and a channel width. 

However, since it is practically impossible to measure 
the effective channel width Wpa, the field effect mobility in 
the present specification is obtained by substituting a design 
value W of the channel width. That is, it is conceivable that a 
value smaller than a real mobility is obtained. 

It is expected that providing the impurity regions in 
the arrangement as shown in Fig. 8A has an extremely magnificent 
meaning in the improvement of mobility. The reason will be 
described below. 
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The mobility (|iFE) is determined by scattering of 
carriers in the semiconductor film (here, silicon film is used 
as an example), and the scattering in the silicon film is 
roughly divided into lattice scattering and impurity scattering. 
The total mobility (I formed by the combination thereof is 
expressed by the following equation. 

The equation (1) means that the total mobility p. is in 
reverse proportion to the sum of an inverse number of mobility 1 
(1 means lattice) in the case where the influence of lattice 
scattering is exerted, and an inverse number of mobility i (i 
means impurity) in the case where the influence of impurity 
scattering is exerted. The lattice scattering and the impurity 
scattering are expressed by the following equations, 
respectively . 

|J.l oc (m*)-5/2T-3/2 (2) 

j^i oc (m*)-i'2Ni-iT3/2 (3) 
According to these equations, in the state where 
impurities are uniformly added into the entire of the channel 
formation region, the mobility can not be improved due to the 
influence of impurity scattering. However, in the case of the 
structure shown in Fig. 12, since impurity regions are locally 
formed, impurities are not added into the regions where carriers 
move, so that the regions are substantially intrinsic for the 
carriers . 

That is, since it theoretically means that the 
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concentration Ni of ionized impurities in equation (3) is made 
to approach to zero without limit, the mobility ui approaches to 
the infinity- without limit. That is, since it means that the 
impurities are decreased so that the term 1/Ui in equation (1) 
can be neglected, it is inferred that the total mobility 
approaches to the mobility ul without limit. 

Also, in Fig. 8A, it is important that the impurity 
region 804 is arranged so as to be substantially parallel to the 
channel direction. Such arrangement corresponds to the case 
where the direction of extension of the needle-shaped or column- 
shaped crystals shown in Fig. 10 coincides with the channel 
direction . 

In the case of such arrangement, since it is expected 
that the impurity region 804 serves as "benign crystal grain 
boundary" , it is inferred that the region serves as a rail to 
regulate the moving direction of carriers without capturing the 
carriers. This is a very important structure in view of 
decreasing the influence of scattering due to collision of 
carriers . 

Also, by providing the above structure, it is expected 
that the lowering of threshold voltage as one of the short 
channel effect can be suppressed. This is an expectation based 
on the inference that it is possible to artificially cause a 
narrow channel effect generated at the time when the channel 
width becomes extremely narrow, between the impurity regions. 

As described above, it is conceivable that the punch- 
through phenomenon can be suppressed by repressing the extension 
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of drain side depletion layer. By suppressing the punch- through 
phenomenon, it is expected to obtain not only the improvement of 
withstand~voltage but also the improvement of subthreshold 

characteristics (S-value) . 

The improvement of the subthreshold characteristics can 
be explained as follows, from the inference that the volume 
occupied by the drain side depletion layer can be decreased by 
using the present structure. 

When the structure shown in Fig. 8A is provided, if the 
extension of depletion layer can be effectively suppressed, it 
should be possible to decrease the volume occupied by the drain 
side depletion layer to a large degree. Accordingly, since the 
total charge of depletion layer can be made small, it is 
conceivable that the depletion capacitance can be made small. 
Here, an equation for deriving the S-value is expressed by the 
following approximate equation. 

S = lnlO • kT/q [1 + (Cd + Cit) /Cox] (4) 
In equation (4), k is Boltzmann constant, T is an absolute 
temperature, q is a charge quantity, Cd is a capacitance of 
depletion layer, Cit is an equivalent capacitance of interface 
levels, and Cox is a capacitance of a gate oxide film. 
Accordingly, in this structure, if the capacitance Cd of the 
depletion layer and the equivalent capacitance Cit of the 
interface levels are made to approach to zero to the greatest 
possible extent, there is a possibility that a semiconductor 
device in which an ideal state of Cd = Cit = 0 is realized, that 
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is, the S-value is 60 mV/decade, can be realized. 

However, equation (4) is an approximate equation for 
deriving the S-value, and there is a case in a TFT, where 
measurement values of not larger than 60 mV/decade are obtained 
without following this approximate equation. 

In this structure inferred from the present invention, 
as an impurity region equivalent to the crystal grain boundary 
of the present invention, nitrogen or carbon may be used other 
than oxygen. This is because the object of this structure is to 
artificially dispose an energy barrier to the channel formation 
region . 

Accordingly, in view of formation of energy barrier, it 
can be said that even an impurity region having conductivity 
opposite to the conductivity of an inversion layer has an 
effect. That is, it can be said that the impurity region is 
formed by using B ions for an N-channel type semiconductor 
device, and P ions for a P-channel type semiconductor device. 

In the case where the impurity region is formed by P or 
B ions, it is possible to directly control the threshold value 
by the concentration of added impurity ions. 

As described above, this structure is a technique 
derived from the inference of the present inventors based on the 
structure of the invention disclosed in the present 
specification and experimental facts. By practicing this 
structure, it is inferred that it is possible to effectively 
suppress the short channel effect which becomes a problem in a 
semiconductor device of a deep submicron region in which a 

49 




channel length is extremely short. 
[Third Embodiment] 

This - embodiment shows other manufacturing steps than 
those shown in the first embodiment. Specifically, prior to the 
formation of an active layer, a heat treatment in an atmosphere 
containing a halogen element is carried out to a crystalline 
silicon film to remove nickel through gettering. 

By combining the step shown in this embodiment with the 
first embodiment, it is possible to further effectively decrease 
the nickel concentration in the active layer. 

By the heat treatment over 700°C, the film thickness of the 
crystalline silicon film is decreased, so that this embodiment 
has also an effect to thin the active layer. If the film 
thickness becomes thin, it is expected that the mobility is 
improved and off -state current is decreased. 
[Fourth Embodiment] 

This embodiment shows other manufacturing steps than 
those shown in the first embodiment. Specifically, the step of 
forming the gate insulating film 111 in the first embodiment, is 
omitted, and immediately after the formation of the active 
layer, a heat treatment in an atmosphere containing a halogen 
element is carried out. 

If annealing to a thermal oxidation film formed at this 
time is carried out in a nitrogen atmosphere as in the first 
embodiment, the film quality can be improved. In this case, it 
is possible to form the gate insulating film by only such 
thermal oxidation film. The film thickness of the thermal 
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oxidation film can be adjusted between 100 to 1500 A (typically 
500 to 1000 A) by controlling the condition of the heat 
treatment ~ " 

If the gate insulating film is formed of only the 
thermal oxidation film, there are obtained such features that a 
semiconductor device capable of operating at high speed can be 
obtained, and film formation steps of the gate insulating film 
can be simplified. However, it is frequently difficult to make 
film thickness uniform. 

It is also possible to deposit an insulating film by a 
vapor phase method on the thermal oxidation film formed by the 
above step, and to form the gate insulating film by those 
laminating films. In this case, although the gate withstand 
voltage is improved, it is important to make clean the interface 
between the thermal oxidation film and the film by the vapor 
phase method. 

It is also possible that the above step is assumed to be 
a step of removing a metal element (especially nickel), so that 
the thermal oxidation film formed by the above step is removed, 
and a thermal oxidation film is again formed to make the gate 
insulating film. Further, it is also possible that after the 
thermal oxidation film is removed, a gate insulating film is 
formed on the active layer by a vapor phase method. In this 
case, although it is possible to decrease the concentration of 
surplus impurities existing in the interface between the active 
layer and the gate insulating film, care must be paid to the 
cleanness of the surface of the active layer. 
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[Fifth Embodiment] 

This embodiment shows examples in which TFTs 
manufactured- by applying the present invention are applied to a 
DRAM (Dynamic Random Access Memory) and an SRAM (Static Random 
Access Memory) . Fig. 13 will be used for the description of this 
embodiment . 

The DRAM is a memory of a type in which information to 
be memorized is stored as charges in a capacitor. The input and 
output of charges as information to the capacitor is controlled 
bv TFTs connected in series to the capacitor. Fig. 13A shows a 
circuit of a TFT and a capacitor constituting one memory cell of 
the DRAM. 

When a gate signal is given by a word line 13 01, a TFT 
1303 is turned on. In this state, charges are transferred from 
the side of a bit line 1302 to a capacitor 1304 to write 
information, or charges are taken from the charged capacitor to 
read information. That is, by writing and reading charges stored 
in the capacitor through the TFT, the circuit has the function 
as a memory cell. 

The DRAM has such a feature that the number of 
components constituting one memory cell is very small since only 
a TFT and a capacitor constitute one memory cell, so that it is 
suitable for constituting a large scale memory of high 
integration density. Further, since the cost can be kept low, 
the DRAM is used in largest quantities at present. 

Further, a feature of the case where a DRAM cell is 
formed by using the TFTs, is that since the storage capacitance 
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is made small, the operation at a low voltage is made possible. 

Fig. 13B shows an SRAM circuit using a high resistance 
as a passive load element. It is also possible to make an SRAM 
structure in which a TFT performs the same function as the 

passive load element. 

The SRAM is a memory using a bistable circuit such as a 
flip-flop as a memory cell, and stores a binary information 
value (0 or 1) corresponding to two stable states of ON-OFF or 
OFF-ON of the bistable circuit. It is advantageous in that the 
memory is held as long as power is supplied. 

Reference numeral 1305 denotes a word line, and 1306 
denotes a bit line. 1307 denotes load elements constituted by 
high resistances, and the SRAM is constituted by two pairs of 
driver transistors 1308 and two pairs of access transistors 
1309 . 

The SRAM of the above structure has such features that 
high speed operation is possible, reliability is high, and 
assembling into a system is easy. 
[Sixth Embodiment] 

This embodiment shows an active matrix type electro- 
optical device in which a pixel matrix circuit and a logic 
circuit are integrated on the same substrate by using the 
semiconductor devices of the first embodiment and the CMOS 
circuits of the second embodiment. The electro-optical device 
includes a liquid crystal display device, an EL display device, 
an EC display device and the like. 

The logic circuit indicates an integrated circuit for 
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driving an electro-optical device, such as a peripheral drive 
circuit or a control circuit. In the active matrix type electro- 
optical device, in view of the limit of operation performance 
and problem of integration, a logic circuit has been generally 
an externally equipped IC. However, by using the TFT of the 
present invention, it becomes possible to integrate all elements 

on the same substrate. 

The control circuit includes all electric circuits 
necessary for driving of an electro-optical device, such as a 
processor circuit, a memory circuit, a clock generation circuit, 
and an A/D (D/A) converter circuit. Of course, the memory 
circuit includes the SRAM circuit and the DRAM circuit shown in 
the fifth and sixth embodiments. 

If the present invention is used for such a structure, 
it is possible to constitute a logic circuit by TFTs having 
performance comparable to MOSFETs formed on a single crystal. 
[Seventh Embodiment] 

This embodiment shows an example of manufacture of a TFT 
having a structure different from the first embodiment. Fig. 14 
will be used for the description. 

First, the state shown in Fig. 2B is obtained through 
the same steps as the first embodiment. After the state shown in 
Fig. 2B is obtained, a not-shown resist mask used for patterning 
an aluminum film is removed, and then anodic oxidation is 
carried out in tartaric acid so that a dense anodic oxidation 
film with a thickness of 1000 A is obtained. Fig. 14A shows this 
state . 
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In Fig. 14A, reference numeral 101 denotes a quartz 
substrate, 102 denotes an under film, 106 denotes an active 
layer, and 107 denotes a thermal oxidation film subsequently 
functioning as a gate insulating film. Reference numeral 1401 
denotes a gate electrode made of a material containing mainly 
aluminum, 1402 denotes a dense anodic oxidation film obtained by 
anodic oxidation of the gate electrode 1401. 

Next, in this state, impurity ions to impart one 
conductivity are implanted into the active layer 106. This ion 
implantation seep forms impurity regions 1403 and 1404. 

After the impurity ion implantation is completed, a 
silicon nitride film 1405 with a thickness of 0 . 5 to 1 Jim is 
formed. Any of a low pressure thermal CVD method, a plasma CVD 
method, and a sputtering method may be used as a film growth 
method. A silicon oxide film may be used instead of the silicon 
nitride film. 

In this way, the state shown in Fig. 143 is obtained. 
After the state shown in Fig. 14B is obtained, the silicon 
nitride film 1405 is next etched by an etch back method, so that 
the silicon nitride film is made to remain only at a side wall 
of the gate electrode 1401. The thus left silicon nitride film 
functions as a side wall 1406. 

At this time, the thermal oxidation film 107 is removed 
except the region where the gate electrode serves as a mask, so 
that the thermal oxidation film remains in the state as shown in 
Fig. 14C. 

In the state shown in Fig. 14C, impurity ions are again 
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implanted. At this time, a dose is made higher than that at the 
previous ion implantation. At this ion implantation, since ion 
implantation is not carried out to regions 1407 and 1408 
immediately below the side wall 1406, the concentration of 
impurity ions is not changed. However, higher concentration 
impurity ions are implanted into exposed regions 1409 and 1410. 

In this way, through the second ion implantation, a 
source region 1409, a drain region 1410, and low concentration 
impurity regions (LDD regions) 1407 and 1408 having impurity 
concentration lower than the source/drain regions are formed. 
The region immediately below the gate electrode 1401 is an 
undoped region and becomes a channel formation region 1411. 

After the state shown in Fig. 14C is obtained through 
the above steps, a not-shown titanium film with a thickness of 
300 A is formed, and the titanium film and silicon (crystalline 
silicon) film are made to react with each other. After the 
titanium film is removed, a heat treatment by lamp annealing or 
the like is carried out so that titanium silicide 1412 and 1413 
are formed on the surfaces of the source region 1409 and the 
drain region 1410 (Fig. 14D) . 

A tantalum film, a tungsten film, a molybdenum film or 
the like may be used in the above step instead of the titanium 
film. 

Next, as an interlayer insulating film 1414, a silicon 
oxide film with a thickness of 5000 A is formed, and a source 
electrode 1415 and a drain electrode 1416 are formed. In this 
way, a TFT having the structure shown in Fig. 14D is completed. 
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In the TFT having the structure of this embodiment, 
since the source/drain electrodes are connected to the 
source/dra~in~ regions through the titanium silicide 1412 and 
1413, superior ohmic contact can be realized. 

[Eighth Embodiment] 

This embodiment shows an example of manufacture of a TFT 
having a structure different from the first or seventh 
embodiment. Fig. 15 will be used for the description. 

First, the state shown in Fig. 2B is obtained through 
the steps similar to the first embodiment. However, in this 
embodiment, a conductive crystalline silicon film is used as a 
material of a gate electrode. Fig. 15A shows this states. 

In Fig. 15A, 101 denotes a quartz substrate, 102 denotes 
an under film, 106 denotes an active layer, and 107 denotes a 
thermal oxidation film subsequently functioning as a gate 
insulating film. 1501 denotes a gate electrode made of a 
crystalline silicon film (polysilicon film) . 

Next, impurity ions for imparting one conductivity are 
implanted into the active layer 106. This ion implantation step 
forms impurity regions 1502 and 1503 (Fig. 15B) . 

After the impurity ion implantation is completed, a side 
wall 1504 is formed by using an etch back method similarly to 
the seventh embodiment. 

After the side wall 1504 is formed, impurity ions are 
again implanted. After the above double ion implantation, a 
source region 1507, a drain region 1508, low concentration 
impurity regions (LDD regions) 1505 and 1506, and a channel 
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formation region 1509 are formed. 

After the state shown in Fig. 15C is obtained through 
the above ~steps, a not-shown tungsten film with a thickness of 
500 A is formed, and tungsten film and silicon film are made to 
react with each other. Then, after the tungsten film is removed, 
a heat treatment such as lamp annealing is carried out so that 
tungsten silicide 1510 to 1512 are formed on the surfaces of the 
gate electrode 1501, source region 1507 and drain region 1508 
(Fig. 15D) . 

Next, as an interlayer insulating film 1513, a silicon 
nitride film with a thickness of 4000 A is formed, and a source 
electrode 1514 and a drain electrode 1515 are formed. In this 
way, the TFT having the structure shown in Fig. 15D is 
completed . 

In the TFT having the structure shown in this 
embodiment, the gate electrode and source/drain electrodes are 
connected to lead electrodes through the tungsten silicide 1510 
to 1512, so that excellent ohmic contact can be realized. 
[Ninth Embodiment] 

In this embodiment, examples of electro-optical devices 
(display devices) incorporating semiconductor devices using the 
present invention will be described. The electro-optical device 
may be used as a direct view type or a projection type according 
to necessity. Since it is conceivable that the electro-optical 
device is a device functioning by using a semiconductor, the 
electro-optical device in the present specification is assumed 
to be included in a category of semiconductor devices. 
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Applied products of semiconduc cor devices using the 
present invention include a TV camera, a head mount display, a 
car navigation unit, a projector (front type or rear type), a 
video camera, a personal computer and the like. Simple examples 
of those applied products will be described with reference to 
Fig. 16. 

Fig. 16A shows a TV camera which is constituted by a 
main body 2001, a camera portion 2002, a display device 2003, 
and an operation switch 2004. The display device 2003 is used as 
a view finder. 

Fig. 16B shows a head mount display which is constituted 
by a main body 2101, a display device 2102, and a band portion 
2103. As the display device 2102, two units of relatively small 
size are used. 

Fig. 16C shows a car navigation unit which is 
constituted by a main body 2201, a display device 2202, an 
operation switch 2203, and an antenna 2204. Although the display 
device 2202 is used as a monitor, an allowable range of 
resolution is relatively wide since display of a map is a main 
obj ect . 

Fig. 16D shows a portable information terminal (portable 
telephone in this embodiment) which is constituted by a main 
body 2301, a sound output portion 2302, a sound input portion 
2303, a display device 2304, operation buttons 2305, and an 
antenna 2306. It is expected that the display device 2304 is 
required to display moving pictures for a TV telephone in 
future . 
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Fig. 16E shows a video camera which is constituted by a 
main body 2401, a display device 2402, an eyepiece portion 2403, 
an operation- switch 2404, and a tape holder 2405. Since picture 
images displayed on the display device 2402 can be seen in real 
time through the eyepiece portion 2403, a user can take pictures 
while seeing the picture images. 

Fig. 16F shows a front projector which is constituted by 
a main body 2501, a light source 2502, a reflection type display 
device 2503, an optical system (including a beam splitter, 
polarizer and the like) 2504, and a screen 2505. Since the 
screen 2505 is a large screen used for presentation at a meeting 
or announcement at an academic society, high resolution is 
required for the display device 2503 . 

Other than the electro-optical devices shown in this 
embodiment, the invention can be applied to a rear projector, 
and a portable information terminal such as a mobile computer 
and a handy terminal. As described above, the scope of 
application of the present invention is extremely wide, and the 
invention can be applied to display media of all fields. 

Further, the TFTs of the invention are not limited to 
the electro-optical devices, but may be incorporated into 
integrated circuits in the form of, for example, the SRAM and 
DRAM and may be used as drive circuits of applied products shown 
in this embodiment. 

As described above, according to the present invention, 
a TFT having performance comparable to a MOSFET formed on a 
single crystal can be realized. A ring oscillator constituted by 
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TFTs of the present invention can operate at speed 20 times 
higher than a ring oscillator constituted by conventional TFTs. 
Further, "although the TFT of the invention has such high 
performance, it has extremely high withstand voltage 
characteristics even in a minute region in which a channel 
length is not larger than lfim, and it is confirmed that the 
short channel effect is effectively suppressed. 

If an integrated circuit constituted by using the above 
TFTs is applied to an electro-optical device, the electro- 
optical device can be made to have higher performance. Further, 
applied products using the electro-optical devices can also be 
made to have high performance and high additional values. 
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